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Abstract : CaS phosphors doped with varying concentrations of Er and / or Cu (singly as well as doubly activated) were prepaied The phosphorescence 
have been studied with reference to the phosphorescence decay characteristics and the spectral distribution of luminescence emission The present 
qvii)> IS confined to the effect of higher concentration of Cu (1% to 10 * %) on CaS phosphors activated with very low concentration of Er (10 ’ to 
lir' 7() The decay study reveals that the trap group corresponding to about 0.69 eV is independent of activator concentration and is characteristic of 
ihc bust lattice itself CaS . Er phosphor gives a characteristic band at 57.SO A . while CaS.Cu gives two bands at 4440 and SKOO A The phosphorescence 
p^ccira of doubly activated CaS.Er, Cu phosphors again give two bands at 4440 and 58(X) A. Blue, green and red emission is of great interest for color 
displays, printing, opto-electronics, lasers, medical diagnosis and of therapeutical use.
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1. Introduction
In Older to  e lu c id a te  in fo rm a tio n  a b o u t lu m in e sc e n c e  p ro c e ss  
ol p h o sp h o rs , th e  k n o w le d g e  o f  d e fe c t  s t ru c tu r e s  a n d  th e  
distribution o f  e n e rg y  le v e ls  in th e  b an d  g ap  o f  so lid s  is very  
essential and  as su ch , th e  a im  o f  the  p re sen t w o rk  is to  in v es tig a te  
ihc p h o s p h o r e s c e n c e  c h a r a c t e r i s t i c s ,  th e  ty p e  o f  k in e t ic s  
involved, d e cay  law , a n d  th e  tra p  d is tr ib u tio n  etc.
R o thsch ild  f l ]  in  1958  re p o r te d  th a t no  lu m in e sc e n c e  w as 
Inund w ith E r a lo n e  w h ile  seco n d a ry  ac tiv a to rs  su ch  as C u  co u ld  
he m ade to  lu m in e sc e n c e . P h o sp h o re sc e n c e  is  in te rp re te d  as  a  
tunneling re c o m b in a tio n  b e tw e e n  h o le s  an d  e le c tro n s  trap p ed , 
respectively by  c a tio n  v a c a n c ie s  (V  c e n te rs )  an d  u n id e n tif ie d  
donor cen te rs  [2].
Il w as fo u n d  th a t un> ac tiv a ted  p h o sp h o r  d id  n o t sh o w  any  
•umincsccncc w h ile  th e  lu m in e sc e n c e  is o b se rv ed  w hen  th e  base  
activated w ith  e ith e r  E r  o r  C u  o r  o th e r  ac tiv a to rs . T h e  m u ltip le  
activators E r  a n d  C u  u se d  in th e  p re s e n t s tu d y , g iv e  rise  to  the  
i^amc em iss io n  b a n d  a t  5 7 5 0  A . T h is  w o u ld  in d ic a te  th a t th e  
^^niission is d u e  to  a  n a tiv e  d e fe c t in  th e  h o s t c ry s ta l su c h  as 
cation o r a n io n  v acan cy . S in c e  th e  a c tiv a to rs  in tro d u c e d  a re
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c a tio n s , th ey  c o u ld  p ro d u c e  su lfu r  v a can c ie s . In v e s tig a tio n s  
by m any  o th e r  w o rk e rs  on  a lk a lin e  ea rth  su lfid e  p h o sp h o rs  in 
th is lab o ra to ry  a lso  su p p o rts  th is  view .
2. Preparation and experimental procedure
P h o sp h o rs  w e re  p re p a re d  by  f ir in g  th e  m ix tu re  o f  so d iu m  
th io su lp h a te  as a flux  in h ig h  g rad e  g y p su m  p o w d ers  as h ost 
la ttice  a lo n g  w ith  A .R . g rad e  ca rb o n  p o w d ei (R ied al, G e rm an y ) 
as th e  red u c in g  ag en t in p ro p e r p ro p o rtio n s . T he vary ing  am o u n t 
o f  a c tiv a to r , e rb iu m  (e rb iu m  o x id e  o b ta in e d  fro m  Jo h n so n  
M atth ey  &  C o „  H a llo n  G ard en , L o n d o n  E C  1) a n d /o r co p p e r (as 
cu p ric  su lfa te  from  B ritish  D ru g  H o u se  L td , P o o lc -E n g la n d ) is 
ad d ed  to  th is  a b o v e  m ix tu re  an d  th e  ch a rg e  is fired  at 9(X)^C fo r 
2 h o u rs . T h en  il is p u lv e r iz e d  in a d ry  a tm o sp h e re  and  sto red , 
k eep in g  in  v iew  the e x tre m e  p u rity  as th e  m a in  c o n s id e ra tio n  in 
th e  p rep a ra tio n .
2.7. Phosphorescence spectra
T h e  p h o sp h o re sc e n c e  sp e c tra  o f  th e  d o u b ly -d o p e d  C aS .E r, C u  
p h o s p h o r s  w e re  p h o to g r a p h e d  u s in g  th e  S te in h e il  R a m a n  
S p e c tro g ra p h  (M o d e l G H  U n iv e rsa l)  U . V. lam p  w as the  so u rce  
o f  e x c i t a t i o n .  T h e  s a m p le  h o ld e r  f o r  th e  s tu d y  o f  
p h o sp h o re sc e n c e  co n sis ts  o f  a  cy lin d ric a l p y rex  tu b e  o f  u n ifo rm
(D2001 lA C S
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d ia m e ic r  an d  th ic k n e s s  w h ic h  e n c lo s e s  a n o th e r  e b o n ite  lu b e  'E '. 
B y  h a v in g  th is  ty p e  o f  a r r a n g e m e n t ,  th e  s u r fa c e  a re a  o f  th e  
p h o s p h o r  s a m p le  c o u ld  b e  in c re a s e d  w ith o u t  re q u ir in g  a  la rg e  
q u a n t i ty  o f  p h o s p h o r  p o w d e r .  A n o th e r  a d v a n ta g e  o f  th i s  
a r r a n g e m e n t w a s  th a t s in c e  th e  d ia m e te r  o f  th e  p h o s p h o r  h o ld e r  
w as  fa irly  la rg e , n o  s tra y  lig h t f ro m  its  s u r fa c e  c o u ld  re a c h  th e  
s p e c tro g ra p h  s lit . T h e  s l i t  w id th  w a s  th e  s a m e  a s  in  th a t o f  
f lu o re s c e n c e  s tu d y . I l fo rd  R>4() p h o to g ra p h ic  p la te s  w e re  u se d  
fo r  b o th  f lu o re s c e n c e  a n d  p h o s p h o r e s c e n c e  s tu d y . T o  c a l ib ra te  
th e  sp e c tra , an  iro n  s p e c tru m  w a s  u se d  as th e  s ta n d a rd  sp e c tru m . 
T h e  tim e  o f  e x p o s u re  fo r  p h o s p h o r e s c e n c e  fo r  a ll th e  s a m p le s  
w as  k ep t tw o  h o u rs  to  c o v e r  u p  a ll p h o s p h o rs  w e a k  as  w e ll a s  
s tro n g . T h e  in te n s i ty  o f  th e  p h o s p h o r e s c e n c e  w a s  m e a s u re d  
o n  a  Ci II- M ic ro -p h o to m e te r  a id e d  w ith  an  a u to m a tic  re c o r d e r  
C A R L  Z E IS S  JE N A  ’.
2 .2 . Phosphorescence decay
P h o s p h o rs  w e re  e x c ite d  by  u l t ra v io le t  la m p  ( U V S - 12, m a d e  in 
U .S .A .) , e m itt in g  p re d o m in a n tly  3 6 5 0  A. T o m a in ta in  e x c ita tio n  
e n e rg y  c o n s ta n t ,  a  s ta b il iz e r  w a s  a ls o  u se d  in  c o n ju n c t io n  w ith  
th e  la m p . T h e  p h o to - m u l t ip l ie r  lu b e  o p e ra te d  a t ^(K) V  o b ta in e d  
fro m  a w e ll s ta b il iz e d  D , C , p o w e r  su p p ly . T h e  o u tp u t o f  th e  
p h o to - m u l t ip l ie r  tu b e  w a s  c o n n e c te d  to  th e  p o tc n t io m c tr ic  
r e c o rd e r  (C A R L -Z E IS S -J E N  A ). It w a s  fo u n d  th a t fo u r  m in u te s  
e x c ita tio n  w a s  s u f f ic ie n t to  e x c ite  th e  p h o s p h o r  to  th e  sa tu ra tio n  
v a lu e  a n d  a s  su c h  fo r e a c h  p h o sp h o r , e x c it in g  lig h t w a s  sw itc h e d  
o f f  a f te r  4  m in u te s  a n d  im m e d ia te ly  th e  s h u t te r  o f  th e  p h o to ­
m u lt ip l ie r  tu b e  c a re f u lly  r e m o v e d  w h ile  r e c o r d in g  th e  d e cay . 
T h u s , in te n s i ty  a s  a  fu n c tio n  o f  tim e  w a s  p lo t te d  by  th e  p lo t te r  
g iv in g  d e c a y  c u rv e s  o n  a  re c o rd e r . A ll th e  m e a s u re m e n ts  w e re  
m a d e  a t ro o m  te m p e ra tu re .
In  t h e  c a s e  o f  p h o s p h o r s  h a v i n g  lo n g  d u ra t io n  
p h o s p h o re s c e n c e ,  t r a p s  a lw a y s  p la y  a  fu n d a m e n ta l ro le  as m 
th e  p re s e n t  c a se . T h e s e  p h o s p h o r s  u su a lly  e x h ib i t  a  p o w er a^\^  
d e c a y  su c h  as
(I)
w h e re  /  is  th e  p h o s p h o r e s c e n c e  in te n s i ty  a t lim e  r, that at t - 
0  a n d  h is th e  d e c a y  c o n s ta n t  [31, In  c a s e  o f  d is tr ib u tio n  ot 
t r a p p in g  le v e ls , p h o s p h o r e s c e n c e  is d u e  to  su p e rp o s itio n  nf 
in te n s i t ie s , e a c h  v a ry in g  e x p o n e n tia l ly  w ith  tim e . T h e  dcea\ 
c u rv e  th u s  o b ta in e d  b y  p lo t t in g  lo g a r ith m  o f  in te n s i ty  (I) as a 
f u n c t io n  o f  t im e  ( t ) ,  is  th e n  h y p e r b o l ic .  In  s u c h  ca se s  ni 
d is tr ib u tio n  o f  t r a p p in g  le v e ls , th e  o b s e rv e d  in te n s i ty  will k  
d u e  to  th e ir  su p e rp o s it io n  o f  a ll th e  e x p o n e n tia ls  a n d  th e  fom i oi 
th e  c u rv e  c a n  b e  r e p r e s e n te d  b y  th e  a b o v e  c q . (1 )
R a n d a ll a n d  W ilk in s  [31 su g g e s t th a t th e  c o m p le x  hyperbolic 
d e c a y  in  th e  s u lf id e  ty p e  o f  p h o s p h o r s  c a n  be e x p la in e d  by the 
m o n o m o lc c u la r  m e c h a n is m  a s  in  th e  s im p le  c a s e , b u t with a 
d is tr ib u tio n  o f  tr a p  d e p th s . T h e y  c o n s id e re d  th e  th e rm a l release 
o f  tr a p p e d  e le c tro n s  a s  th e  m a in  d e te rm in in g  p ro c e s s  (and  hcncc 
th e  m o n o m o lc c u la r  k in e t ic s )  a n d  a s s u m e d  th a t n o  rc-irappiny 
d e r iv e d  th e  fo rm  o f  d e c a y  fo r  s e v e r a l  d is t r ib u t io n  o f  tiap 
d e p th s .
F ir s t  o rd e r  k in e t ic s  is  a  r e c o m b in a t io n  d o m in a n t p rocess. In 
th is  p ro c e s s , rc - lra p p in g  is p ra c t ic a l ly  n e g lig ib le  in comparison 
to  r e c o m b in a t io n .  T h is  is  th e  p r o c e s s  w h ic h  is frcqucn ily  
o b s e r v e d  a n d  w id e ly  r e p o r te d  in  th e  l i te r a tu re , in  se c o n d  oulci 
k in e t ic s , r e c o m b in a t io n  a n d  r c - lra p p in g  p ro c e s s e s  tak e  place 
w ith  e q u a l p ro b a b ili ty . T h e  d e c a y  is fa s te s t in firs t o rd e r  kinetics 




F i g u r e  1. P lo t o f  p h o s p h o re s c e n c e  in te n s ity  vs tim e .
E jfect o f  copper doping on phosphorescence o f  CaS : E r phosphors 137
p r o c e s s  th an  th e  f ir s t  o rd e r  k in e t ic s  a n d  th e  th i rd  o rd e r  k in e tic s  
d e c a y s  m o re  s lo w ly  th a n  th e  s e c o n d  o rd e r  k in e tic s  a n d  so  on . 
The ex ten t o f  re c o m b in a t io n  a n d  re - tra p p in g  p ro c e s s  d e c id e s  
the o rd e r  o f  k in e t ic s  in v o lv e d . W ith  in c r e a s in g  o rd e r  o f  
K i n e t i c s ,  th e  e x t e n t  o f  r e c o m b i n a t i o n  d e c r e a s e s  w i th  a  
Sim ultaneous in c re a s e  in  th e  e x te n t  o f  re - tra p p in g  [41.
3. Results and discussion
V I Analysis o f  deca y  curves
in the p re se n t s tu d ie s , th e  o b s e rv e d  d e c a y  c u rv e s  a re  h y p e rb o lic  
in nature. D e c a y in g  in te n s i ty  (1) is  p lo t te d  a g a in s t tim e  ( / ) .  I vs t 
plots sh o w ed  h y p e rb o l ic  r a th e r  th a n  e x p o n e n tia l  n a tu re  (F ig u re  
11 T lierefore , th e  p o s s ib il i ty  o f  s im p le  e x p o n e n tia l  d e c a y  w ith  a 
single trap  w a s  ru le d  o u t. L o g  1 v.v. t p lo ts  d id  n o t g iv e  th e  
expected s tra ig h t l in e s . T h e  lo g  I vs t c u rv e  w a s  fo u n d  to  b e  
concave u p w a rd s  (F ig u re  3 : p e e l in g  o f f  o f  d e c a y  c u rv e s ) . 
H o w eve r, a lo g  -  lo g  p lo ts  o f  p h o s p h o re s c e n c e  in te n s ity  vs tim e  
were very n ea rly  s t ra ig h t  lin e s  a s  sh o w n  in F ig u re  2  w h ic h  h e lp s  
in co n c lu d in g  th a t p h o s p h o r ic  d e c a y  c h a ra c te r is t ic s  (P .D .C .)  is 
h )perho lic  in n a tu re  b u t th e  s lo p e  is n o t e q u a l to  tw o  w h ic h  is 
the case fo r  s e c o n d  o r d e r  k in e t ic s . T h e  v a lu e  o t c o r re la t io n  
Locllicicni c a lc u la te d  fo r  a ll th e  s a m p le s  c o m e s  o u t to  b e  n e a rly  
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tigure 2. Log -  Log plot of intensity v.v. time.
A s th e  n u m b e r  o f  e x p o n e n tia l ly  d is tr ib u te d  tra p s  in c re a se s , 
ihc d ecay  ta k e s  th e  fo rm  o f  h y p e rb o l ic  n a tu r e  d u e  to  th e i r  
^superposition. S u p e r p o s i t io n  o f  t r a p p in g  le v e ls  a t d i f f e r e n t  
energies m a k e s  th e  e m is s io n  c o m p lic a te d . T h e  d e g re e  o f  lin ea rity  
iherefore is e s t im a te d  b y  e v a lu a tin g  th e  c o r re la t io n  c o e f f ic ie n t  
ihe v a lu e  o f  w h ic h  is  c lo s e  to  u n ity . S u c h  ty p e  o f  P D C  c an  b e
re p re se n te d  b y  a  p o w e r  law  as  su g g e s te d  by  R a n d a ll an d  W ilk in s  
[31 . T h e y  c o n s i d e r e d  h y p e r b o l i c  d e c a y  a s  th e  r e s u l t  o f  
s u p e rp o s it io n  o f  e x p o n e n tia ls  c o r re s p o n d in g  to  d if fe re n t  tra p s . 
C o rre s p o n d in g  to  th e s e  c o m p o n e n ts , th re e  d if fe re n t tra p  d e p th s  
a re  o b ta in e d  by  u s in g  th e  e q u a tio n s  :
f  =  /^ ) e x p ( - p l ) ,  (2)
p =  S. e x p  { - E l k  D ,  (3)
w h e re  / \ i s  th e  p ro b a b ili ty  o f  e sc a p e  o f  e le c tro n s  fro m  tra p s  p e r  
sec ., S isflhe a ttem p t to  e scap e  freq u en cy  (h e re  lO'V.scc lo r  a lk a lin e  
e a r th  su lf id e  p h o sp h o rs  |5 |) ,  E  is th e  tra p  d e p th , k th e  B o ltz m a n n  
c o n s ta i^  an d  T  th e  a b so lu te  te m p e ra tu re .
Figure 3. Peeling off of decay curvc.s (log I v.v t)
A s th e  h y p e rb o lic  d e c a y  is  c o n s id e re d  to  b e  th e  re s u lt o f  
s u p e r p o s i t io n  o f  e x p o n e n t i a l s  c o r r e s p o n d in g  to  d i f f e r e n t  
d e p th s , fo l lo w in g  B u b o  [6 ] a n d  o th e rs , th e  d e c a y  c u rv e s  w e re  
a n a ly z e d  in to  th re e  e x p o n e n tia ls  b y  th e  m e th o d  o f  su c c e s s iv e  
su b tra c tio n  (p e e lin g  o f f  o f  d e c a y  c u rv e s ) . In  su c h  p h o sp h o rs .
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th e  f i r s t  s ta g e  d e c a y s  v e ry  ra p id ly  a n d  th e n  is  fo l lo w e d  b y  
a n o th e r  slo w  d e c a y  c o m p o n e n t a n d  a ll th e  s ta g e s  a re  e x p o n e n tia l 
in  n a tu r e .  T h e  d i f f e r e n t  c o m p o n e n ts  o f  th e  d e c a y  m a y  b e  
c o n s id e re d  as  d u e  to  tra p s  o f  d if fe re n t  d e p th s . A s  th e  n u m b e r  
o f  e x p o n e n tia l  d is tr ib u te d  tra p s  in c re a s e s , th e  d e c a y  ta k e s  th e  
fo rm  o f  h y p e r b o l ic  n a tu r e  d u e  to  th e i r  s u p e r p o s i t io n .  T h e  
m in im u m  n u m b e r  o f  e x p o n e n tia ls  re q u ire d  to  d o  so  c a n  b e  th ree . 
T h u s ,  it is  r e a s o n a b l e  to  a s s u m e  th a t  a s  th e  n u m b e r  o f
c o n tr ib u t in g  to  p h o s p h o r e s c e n c e  in te n s i ty  a t  a  s lo w e r  rate 
C o n s e q u e n tly , th e  d e c a y  c o n s ta n t  m a y  v a ry  w ith  lim e  provided 
th e  tr a p s  o f  d i f f e re n t  d e p th s  c o n tr ib u te  a p p re c ia b ly  to  th e  alter 
g lo w  in te n s i ty  a t  ro o m  te m p e ra tu re .  S in c e  th e  ph o sp h o rescen ce  
in  in o rg a n ic  p h o s p h o r s  is  d u e  to  a b s o r p tio n  o f  e lec tro n .s  below 
c o n d u c tio n  b a n d , th e  th e rm a l e n e rg y  a t ro o m  tem p era tu re  is 
s u f f ic ie n t to  e m p ty  th e  s h a l lo w  tr a p s  w h ic h  th e re fo re , become 
in e f fe c t iv e  in  p h o s p h o re s c e n c e  d e c a y . T h e  d e c a y  m easu rem en ts
Table J. Values of trap depth, correlation coefficient and decay constant of decay curves
Samples Erbium  C opper D ecay C orrcl. coef
senes Er (%) Cu (%) constant (-b) (-r)
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e x p o n e n tia ls  in c re a s e s , th e  d e c a y  c u rv e  c h a n g e s  fro m  a  s tra ig h t 
lin e  to  a h y p e rb o l ic  c u rv e  o n  a  scm i> lo g  p lo t. T h e  p e e lin g  o f f  o f  
c u rv e s  a re  c o n c a v e  u p w a rd s  b e c a u s e  s h a l lo w  tra p s  e m p ty  so o n  
le a d in g  to  ra p id  in i tia l p h o s p h o r e s c e n c e  d e c a y  w h ile  th e  d e e p e r  
tra p s  w ill be  r e s p o n s ib le  fo r  th e  lo n g  d u ra t io n  p h o s p h o re s c e n c e ; 
th u s  tra p s  g o  o n  e m p ty in g  w ith  t im e  e v e n tu a lly  le a v in g  th e  
s l o w e r  c o m p o n e n t s  w h ic h  c o r r e s p o n d  to  d e e p e r  t r a p s  
a p p ro a c h in g  to  th r e e  e x p o n e n t ia ls  w h ic h  w e re  c a lc u la te d  u s in g  
th e  'p e e l in g  p ro c e d u re * . T h e  r e s u l t  o f  th i s  m e th o d  is  q u i te  
sa t is fa c to ry . T h e  v a lu e s  o f  £  c a lc u la te d  by  p e e lin g  o f f  o f  d e c a y  
c u rv e s  a re  ta b u la te d  a n d  a re  te r m e d  a s  s lo w , m id d le  a n d  fa s t 
c o m p o n e n ts  (T a b ic  1).
A fast component decline in intensity is followed by a slower 
one. The shallow traps decay rapidly, emptying with time, leaving 
the slower component o f deeper traps. At longer intervals, when 
shallow traps are more or less exhausted, deep traps start
a t ro o m  te m p e ra tu re  th u s  p e r ta in  o n ly  to  e le c tro n  tra p s  that arc 
re la tiv e ly  d e e p .
T ra p  d e p th  d o e s  n o t d e p e n d  o n  th e  a c t iv a to r  co n cen tra tio n  
(F ig u re  4 ) . It w a s  fo u n d  th a t th e  in t ro d u c t io n  o f  a c tiv a to r  affect^ 
th e  d is tr ib u tio n  o f  tr a p  le v e ls  re s p o n s ib le  to  phosphore .sccncc. 
A  s l ig h t  v a r i a t i o n  in  th e  t r a p  d e p th s  c o u ld  b e  d u e  to  the 
p e r tu rb a t io n  c a u s e d  b y  th e  a c t iv a to r s  in th e  d is tr ib u tio n  o f  trap 
d e n s itie s . H o w e v e r , th e  v a r ia t io n  is  so  sm a ll th a t th e  overall 
v a ria tio n  c a n  b e  a s s u m e d  to  be  n e g lig ib le . H e n c e , th e  possib ility  
re m a in s  th a t  th e  a c tiv a to r s  m a y  g iv e  r is e  to  v e ry  sh a llo w  o r very 
d e e p  tra p s . N e g lig ib le  v a r ia tio n  o f  tr a p -d e p th s  w ith  th e  activator 
c o n c e n t r a t i o n  in d i c a t e s  th a t  th e  t r a p p in g  le v e l s  in  these 
p h o s p h o rs  a re  d u e  to  d e fe c ts  in  th e  h o s t la t tic e  a n d  th e s e  defects 
a rc  lik e ly  to  b e  th e  s u l fu r  v a c a n c ie s .  T h is  is  in  a g re e m e n t with 
th e  f in d in g s  o f  o th e r  w o rk e rs .
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Traps of c liftc rcn l d e p th s  c o n ir ib u te  to  th e  p h o sp h o re sc e n c e  T h e  p h o s p h o r e s c e n c e  d e c a y , th e r in o - I u rn in c s c c n c c  a n d  
in tensity  a t d i f f e r e n t  t im e s .  T h e  t r a p s  w h ic h  c o n t r ib u t e  f lu o re sc e n c e  s tu d ie s  re v e a l th a t th e re  is o n ly  o n e  g ro u p  o f  trap s


















TRAP DEPTHS VS. ACTIVATOR CONCENTRATION  
(FROM PEELING OFF OF DECAY CURVES)
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Figure 4. Trap depths vs activator concentration, and decay constant v.v activator concentration
eV as c a lc u la te d  fro m  th e  th re e  e x p o n e n tia ls  fa s t, m id d le  an d  
dow l l t c  tra p  d e p th s  th u s  o b ta in e d  a re  fo u n d  in  g o o d  ag re e m e n t 
wiih th o se  o b ta in e d  fro m  g lo w  c u rv e s , th u s  ju s t i fy in g  th e  u se  
<>l R andall a n d  W ilk in s  m o n o -m o le c u la r  th e o ry  an d  th e  u se  o f  
ihc fu n d am en ta l eq . (3 )  w h ic h  in d ic a te  th a t th e  k in e tic s  in v o lv ed  
likely to  be m o n o -m o le c u la r .
T he v a lu e  o f  d e c a y  c o n s ta n t  b  c a lc u la te d  by  th e  m e th o d  o f  
least squares is  m u ch  less th an  u n ity  (T abic  1). T h e  sm all varia tion  
ol decay  c o n s ta n t w ith  a c t iv a to r  c o n c e n tra tio n  su g g e s ts  th a t 
the ac tiv a to r o n ly  m o d if ie s  th e  re la tiv e  im p o rta n c e  o f  th e  tra p  
hut not th e ir  m e a n  d e p th . H e n c e , th e  d is tr ib u tio n  o f  tra p s  can  be  
assum ed to  b e  q u a s i-u n ifo rm . T h e  v a r ia tio n  o f  d e c a y  c o n s ta n t 
with a c tiv a to r  c o n c e n tra tio n  im p lie s  p ro p e r  g ro w th  o f  m ic ro - 
crystalline p o w d e r  p h o sp h o rs .
T he c o rre la tio n  c o e ff ic ie n t r ,  th e  v a lu e s  o f  w h ich  a re  c lo se  to  
^nity w ith  a  n e g a t iv e  s ig n  in d ic a t in g  th a t  th e  r e la t io n s h ip  
between log  I an d  lo g  t is a lm o s t linear. T h e  n eg a tiv e  s ign  im p lies  
diat the  in te n s ity  d im in is h e s  w ith  lim e . T h e  s ig n  o f  h c o m e s  o u t 
lu be n e g a tiv e  h e n c e  th e  o b s e rv e d  h y p e rb o lic  d e c a y  ca n  be  
represen ted  b y  th e  a b o v e  e q . (1 ).
a s so c ia te d  w ith  h o st la tlic e  d e fe c ts . T h is  is fu r th e r su p p o rted  
b y  m a n y  o th e r  w o rk e rs  th a t th e  e le c tro n  tra p s  ( tra p  g ro u p  
c o r r e s p o n d in g  to  a b o u t  0 .6 8  c V )  a rc  in d e p e n d e n t  o f  th e  
im p u rity  io n s  an d  fo rm ed  by th e  c ry s ta ll in e  im p e rfe c tio n s  in the 
lattice .
3.2 Phosphorescence spectra studies
A-Series (CaS : Er'^) : A  p h o sp h o re sc e n c e  b a n d  in  th e  
y e llo w -o ra n g e  reg io n  a t ab o u t 5 7 5 0  A  (2 .1 4  cV ) is c lea rly  seen , 
as  o b se rv e d  in  th e  c a se  o f  f lu o re sc e n c e  study . B lu e  h an d  is n o t 
p ro m in e n t in an y  o f  th e  sa m p le s . A s the  c o n c e n tra tio n  o f  E r 
d e c re a s e s  to  5 x  10“^  % (s a m p le  A  9 ), an  in ten se  b e ll-sh a p e d  
b a n d  in  th e  y e llo w -o ra n g e  re g io n  g ro w s  fu lly  at 5 7 5 0  A , till it 
reaches the op tim u m  con cen tra tio n  o f  10^ % (sam ple  A  19) sim ilar 
to  th a t  o b s e rv e d  in  f lu o re s c e n c e  (e x c e p t a  few  w ith  h ig h e r  
c o n c e n tra t io n  o f  e rb iu m  b e y o n d  I0 ~ '% , w h e re  th e  b an d  is 
re so lv ed  in to  a  g ro u p  o f  E r-lin c s  a t 5 5 2 0 ,5 5 4 5 ,5 5 7 0 ,5 6 1 5  A  Le, 
2 .2 3  to  2 .2 0  eV  a re  c le a rly  v is ib le , c o n firm in g  th e  in c o ip o ra tio n  
o f  E r  in  C aS  h o s t la tlic e  w h ic h  a g re e s  w e ll w ith  th e  g ro u p  o f  
lines o b se rv ed  by L eh m an n  [7) w ith  I % E r w ith  C aS  base  m ateria l
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at 2 .2 3  cV ). N o  sh ift is o b se rv e d . It w o u ld  a p p e a r  fa irly  re a so n a b le  
th a t th e  m a te r ia ls  s h o w in g  b a n d  e m is s io n  h a v e  c o m p e n s a te d  
th e  p re s e n c e  o f  th e  t r iv a ic n t  ra re -  e a r th  w ith  a  d e fe c t ,  a s  fo r  
e x a m p le , v a c a n c y  a n d  it is th is  c o m b in a tio n  th a t is in v o lv e d  in 
th e  e n e rg y  s ta te  r e s p o n s ib le  fo r  th e  b a n d  e m is s io n . K e lle r  an d  
P e tit [8] a ls o  p o in te d  th a t a ro u n d  th e  r a r e -e a r th  io n , o n e  c o u ld  
h a v e  a  la t t ic e  p e r tu rb e d  b y  a  v a c a n c y .
B-Serics (CaS : T w o  b a n d s  a t 4 4 4 0  a n d  5 8 0 0  A  a rc
se e n . A s  th e  c o n c e n t r a t io n  in c rea .ses , a  sh if t to w a rd s  s h o r te r  
w a v e le n g th  is o b s e rv e d  ( s a m p le s  B  l - B  4 ). T h e  in te n s i ty  c u rv e s  
o f  f l u o r e s c e n c e  a n d  p h o s p h o r e s c e n c e  b a n d s  w i th  h ig h e r  
c o n c e n tra t io n  s h o w  th a t th e  in te n s i ty  is v e ry  h ig h  in d ic a t in g  
th e  f o r m a t io n  o f  lu m in e s c e n c e  c e n te r s .  T h is  c o n f i r m s  th e  
in c o r p o ra t io n  o f  C u - io n s  in  th e  h o s t la t tic e .
C, S and G-Sehes (CaS : Cir^) : In  a ll th e  s a m p le s  o f
th e s e  s e r ie s , tw o  b a n d s , o n e  in  th e  b lu e  re g io n  a t 4 4 4 0  A  (2.8 e V )  
a n d  th e  o tlie r  in  th e  y e l lo w -o ra n g e  re g io n  a t  5 7 5 0  A  ( 2 .1 4  e V )  a rc  
se e n  (F ig u re s  (5 -7 )) . T h e  b a n d s  w ith  h ig h e r  c o n c e n t r a t io n  a rc  
q u ite  in te n s e  ( s a m p le s  C I - C 3 )  w h e re a s  th e  b a n d s  w ith  lo w e r  
c o n c e n t r a t io n  w e re  q u i te  w e a k  in  in te n s i ty  ( s a m p le s  C 5 -C 7 ) .
T h e  b a n d s  in  th e  b lu e  r e g io n  .seem  to  b e  s u p p r e s s e d  will 
d e c r e a s e  m  c o p p e r  c o n c e n t r a t i o n .  W i t h  d e c r e a s i i u  
c o n c e n t r a t io n  o f  c o p p e r ,  b o th  th e  b a n d s  at 4 4 4 0  an d  5 7 5 0  A 
d o w n .  I n c r e a s e  in  H r - c o n le n l  s l ig h t ly  b r o a d e n s  th e  bdiK 
p a r t ic u la r ly  w ith  h ig h e r  C u - c o n tc n l  (F ig u re  5 ). A  s l ig h t sh ili o 
th e  b lu e  p h o s p h o r e s c e n c e  b a n d  r e la t iv e  to  th e  n u o re s c e n a  
b a n d  is  a ls o  s e e n , w h e re a s  th e  p o s i t io n  o f  th e  yellow-orariLH 
b a n d  in  a ll th e  .series re m a in s  u n a f f e c te d .
Figure 5. Phosphorescence spectra of Scries C : CaS : Er, Cu phosphors.
Figure 6. Phosphorescence spectra ol Scne.s S CaS . Px Cu phosphois
In  G -S e r ie s , w h e re  th e  E r -c o n c e n tr a t io n  is fu r th e r  decreases 
(5  X 10"*%  E r) , th e  b a n d s  o f  th e  p h o s p h o r s  c o -d o p e d  w ith  a lov 
c o n c e n t r a t io n  o f  c o p p e r  s e e m s  to  b e  e n h a n c e d  in  in ten sity  a: 
se e n  in  f lu o re s c e n c e  a s  w e ll .  T h e  p re s e n c e  o f  tw o  a c tiv a to r  
p ro d u c e s  a  s e n s i t iv i ty  to  s t im u la t io n  w h ic h  is  n o t o b ta in e d  witl 
e i t h e r  a c t i v a t o r  a lo n e .  B r ig h t n e s s  o f  p h o s p h o r s  s e e m s  u  
in c r e a s e  w ith  c o p p e r  c o n te n t ,  in d ic a t in g  th a t c o p p e r  m ay  b< 
r e s p o n s ib le  f o r  e n h a n c in g  th e  e m is s io n .  W ith  c o p p e r  alone 
q u e n c h in g  is  o b ta in e d  in  th e  c o n c e n t r a t io n  r a n g e  in  w hici 
c o p p e r  s e n s i t iz e s  th e  e rb iu m  a c tiv a te d  C a S  p h o s p h o rs  as seer 
in  f lu o re s c e n c e .  B a n d  a t  5 0 5 0  A  se e n  in  f lu o re s c e n c e ,  is noi
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observed al all in phosphorescence spectra. It is justified to 
assume that the blue emissions are characteristics of Cu-activator 
and the yellow-orange emission may be due to sulfur vacancies. 
X his IS in agreement with the findings of Van Cool [9] who 
suggested that the orange emission in CaS:Ag originates in the 
p r e s e n c e  of either silver or sulfur vacancies or of the two kinds 
ol delects in association.
t
SERIES-Q
Finuri* 7, P h o sp h o rescen ce  sp ec tra  o f  S e n e s  G  C aS  E r. Cu phosphors
Besides, a large number of sulfur vacancies are produced in 
( aS  particularly under the experimental conditions in which these 
phosphors arc prepared. These can also serve as charge 
oimpensalors in the present case. Lehmann (71 .stressed on the 
point that as there can he no reason to expect the principle of 
charge compensation to be invalid for CaS phosphors, it can be 
a s s u m e d  that the luminescence center does not consist only of 
•K iivutor and co-activator ions replacing ions ol the host crystal 
hut IS more complicated possibly involving interstitials and/or 
v a c a n c ie s  as well.
The multiple activators used separately in fluorc.sccnce 
study, give rise to the same emission band at 5750 A. This would 
indicate that the emission is due to a native defect in the host 
crystal such as a cation or anion vacancy. Ivey square law fits 
the position of the bands with CaS, SrS and BaS. It must be due 
to sulfur vacancies. Its strong temperature dependence suggests 
as an evidence of native defect. Therefore, the observed band 
at 5150 A  (2.14 eV) may be attributed to sulfur vacancies which 
might be created during the incorporation of the activators 
(E rp , and CuSO^) used with the base material CaS [ 10).
The decay and polarization studies by Shinoya [ 1 1 ) and 
ESR studies by de Bruin etal [\  2] also presented strong evidence 
for Cu and S association in R-Cu luminescence and supported 
•he Shinoya model. The presence of centers analogous to F- 
tenters is recognized in CaS.
The introduction of (?u for calcium produces an acceptor 
level. As such, one .should expect an association between the 
acceptor level due to Cu and a neighbouring sulfur vacancy 
which acts as a donor. The donor-acceptor transition may be 
responsible for the blue emission. The sulfur vacancy can also 
behave in a manner similar to an F-center except that it carries a 
positive charge. The yellow-orange band may be similar to F- 
centcr kiminesccnce. F.kbote's 11.^ ) results with self-activated 
CaS pltbsphors also supports the above view Calcium produces 
a number of S vacancies and thus defect centers. It can 
reasonjfcly be a.ssumed that anion vacancies (sulfur vacancies) 
can criale or F aggregate centers m CaS phosphor as 
sugges^d by other workers. The production of S vacancies 
seem t^ be related to the metallic character ol the activators. 
The bald at 2.1 eV observed by likbolc with or without activator 
is aksolsecn in the present case. This band is reported with 
differeit activators by many other workers also.
Hence, it may be concluded that the band al 5750 A  (2 .14 cV) 
may he due to negative ion vacancy centers. This discussion 
leads to inference that the luminescence ol the pre.sent system 
of phosphors seem to be due to defect centers (analogous to F- 
ccnlers) and activator centers.
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